With water as an eco-friendly heterogeneous nucleation accelerator, silver nanowires (Ag NWs) have been successfully prepared with a high aspect ratio (>1600). The Ag NW-based film exhibits a low sheet resistance of 8.1 U sq À1 with a transparency of 81.9% at 550 nm, showing the potential application of electrode materials in polymer solar cells.
Introduction
Transparent conductive electrode (TCE) materials have attracted great attention in optoelectronic elds, including touch screens, 1 organic light emitting diodes (OLEDs) 2 and organic solar cells (OSCs). 3 Apart from the costly indium tin oxide (ITO), 4 there are many different alternatives for TCE, such as carbon nanotubes (CNT), 5 graphene, 6 metal grids, 7 and metal nanowires. 8, 9 Among them, silver nanowires (Ag NWs) are a promising TCE material because of their simple synthesis and the possibility of large-area lm fabrication via solution processes such as slot-die coating. [10] [11] [12] With superior mechanical stability as well as transparent conductivity, Ag NW based TCEs could be realized even in a highly stretchable form.
13-17
The aspect ratio of Ag NWs is a crucial factor for their application in transparent electrodes, as lms of Ag NWs with high aspect ratios tend to have better electrical conductivity and transmittance. However, most metal nanowires synthesized by wet chemistry methods are limited to 10-50 mm in length. 18 An aspect ratio larger than 800 is required for high performance Ag NW TCEs with a sheet resistance <10 U sq À1 and a transparency of $85% at 550 nm, nearly matching ITO. [19] [20] [21] Recently, Ag NWs with multiple scales were used in TCE for highly efficient and exible OLEDs, and demonstrated a new methodology to enhance the effective electrical area of the Ag NW network transparent conductor. 22 Ag NWs with controllable aspect ratios are also meaningful for application in other nontransparent devices such as PM 2.5 lters, 23 [27] [28] [29] Various polyhydric reducing agents were used in polyol methods, such as ethylene glycol, propylene glycol, glycerol, etc. 30, 31 Recently, glucose was also used as a reducing agent in the hydrothermal synthesis of Ag NWs (200-500 mm) in 22 hours. 32 However, the typical polyol synthesis of Ag NWs involves these three procedures: (i) dissolving polymeric capping agents such as poly(vinyl pyrrolidone) (PVP) into ethylene glycol (EG) at an elevated temperature; (ii) introducing a nucleating agent such as AgCl in the solution and (iii) injecting the precursor (e.g. AgNO 3 ) into solution slowly.
33-35
Besides conventionally optimizing the ratio of chemicals (especially PVP : AgNO 3 ), 36 43 were adopted to synthesize Ag NWs with dramatically increased aspect ratio. Most of these strategies are less environmentally friendly with high energy consumption and complicated process. 44 It is still lack of a facile eco-friendly method to enhance the aspect ratio of Ag NWs.
Herein, we report an eco-friendly water-assisted polyol method to synthesize Ag NWs with a high aspect ratio of $1600. In most case of polyol method, water would be removed totally under a temperature of 170 C in the rst step of Ag NWs synthesis. 18, 45 There is little literature focused on the positive effect of water in polyol method. As a polar solvent, proper water content should be critical to the formation of Ag NWs a Institute of Advanced Materials (IAM), Jiangsu National Synergetic Innovation Center for Advanced Materials (SICAM) Nanjing University of Posts & Telecommunicationsconsidering the acceleration for nucleation and Ostwald ripening with water, 46 but the specic inuence of water on the reaction of silver source, PVP and EG is still unclear yet. 47 Some other polar solvent such as ethanol and N,N-dimethylformamide (DMF) were also used to investigate the formation of Ag NWs in the previous report, but the length and yield of the products were low. 48 More importantly, in view of the environmental friendliness of the solvent, we prefer non-toxic PVP aqueous solution rather than else. As far as we know, it is the rst time that high aspect ratio (>1500) Ag NWs were synthesized by water-assisted polyol method without other additives, suggesting a unique eco-friendly preparation technology for high aspect ratio metal nanowires.
Experimental section

Synthesis of Ag NWs
In a typical water-assisted synthesis process, 0.167 g polyvinyl pyrrolidone (PVP, M w ¼ 1 300 000) was added in 10 mL ethylene glycol (EG), then the solution was stirred and thermally stabilized at 170 C for about 30 minutes for a thorough dissolution.
To achieve long and thin Ag NWs, 0.0125 g silver chloride (AgCl) with 200 mL H 2 O was added into the mixture. Aer 5 minutes, 4 mL EG solution containing 0.0550 g AgNO 3 was injected into the solution in 10 minutes, and the reaction was le for another 30 minutes to allow the nanowires to grow. Aerwards, acetone and ethanol were used to wash the precipitate with centrifugation at 1000-1500 rpm for 10 min. Finally, the Ag NWs were dispersed in ethanol for use.
Fabrication of OSCs with Ag NWs top electrode
Semi-transparent organic solar cell devices were fabricated on exible ITO-sputtered PET substrates with the layer sequence PET/ITO/polyethylenimine (PEI)/poly(3-hexylthiophene) (P3HT) : phenyl-C61-butyric acid methyl ester (PCBM)/ poly(3,4-ethylene dioxythiophene):polystyrene sulfonate (PEDOT:PSS)/Ag NWs.
The devices were processed using a mini-roll coater (FOM technologies, Denmark). All layers on exible modules were processed via slot-die coating with a 13 cm wide slot-die coating head mounted on the mini-roll coater. Coating was performed on a heatable backing roll just like previous report. 49 The details of device fabrication were shown in Fig. S1 . †
Characterization
Ag NWs and their derived lms were characterized by scanning electron microscopy (SEM, Hitachi S-4800), UV-visible spectrophotometer (UV-Vis, Shimadzu, UV-3600), X-ray diffractometer (XRD, Bruker) and the sheet resistance (SR) was evaluated by four-point probe (RTS-8, 4 probes tech) measurement at room temperature. The current density-voltage (J-V) characteristics were examined using a Keithley 2400 source measuring unit under simulated AM 1.5 illumination (100 mW cm À2 ) with a solar simulator.
Results and discussion
To avoid the effect of other cations in the polyol reaction, AgCl was chosen to be the nucleating agent. The SEM analysis of the product revealed the formation of long, thin Ag NWs in a high yield. Fig. 1a and b shows the SEM images of Ag NWs synthesized with trace water (2 vol%) (PVP molecular weight is 1 300 000). The average length and diameter were calculated by the statistical distribution of about 100 Ag NWs from the SEM images. The Ag NWs exhibit a uniform morphology with an average diameter of $45 nm and length of $73 mm, showing a high aspect ratio over 1600. By comparison, Ag NWs synthesised by the same progress without water only show an average diameter of $70 nm and length of $20 mm, as disclosed in Fig. 1c and d , similar to the previous reports. 33, 34 It's worth mentioning that the waterless-synthesized product contains much more nanoparticles and nanorods than the water-assisted product, indicating the crystallization promoting effect of water.
Optical absorption characterization could also provide key clues to the morphology evolution of the products. Fig. 2a shows the normalized UV-Vis spectra recorded from alcohol suspensions of the Ag NWs produced with or without water. The waterassisted Ag NWs exhibit a sharp peak at 374 nm with a slight shoulder while the waterless Ag NWs exhibit a peak at 390 nm. The spectrum blue shi and the narrow bandwidth demonstrate the diameter decrease for water-assisted Ag NWs.
18,35
Furthermore, the water-assisted Ag NWs show a more distinct peak at $351 nm, which belongs to the longitudinal plasmon.
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However, the waterless Ag NWs also display a broad peak around 436 nm, which could be attributed to the surface plasmon resonance (SPR) band of silver nanoparticles.
46,50
In addition, the structure of Ag NWs was studied by X-ray diffraction (XRD) as shown in Fig. 2b . The nanowires exhibit four typical peaks, which correspond to the diffractions of (111), (200), (220), (311) Ag planes, consistent with the face-centered cubic (fcc) crystalline phase. 50 The minor peak around 32 in the XRD pattern of waterless Ag NWs indicates the presence of AgCl nanoparticles. 36 The slight split of peak around 44 in the XRD pattern of water-assisted Ag NWs is due to the presence of a strained face-centered tetragonal (fct) phase, which was usually formed during the growth of long Ag NWs (up to $100 mm in length). 51 It is worth noting that the ratio of intensity between (111) and (200) peaks exhibits a relatively higher value for water-assisted Ag NWs than waterless Ag NWs, indicating the enrichment of (111) crystalline planes in the silver nanowires, which is due to the morphological evolution from Ag nanoparticles to nanowires.
36,50
In order to give a detailed water-assisted Ag NWs evolution, we tested the impact on Ag NWs morphology by changing the water content and adding sequence. Compared to the typical products in Fig. 1a , Ag NWs synthesized with half water content (1 vol% water-assisted) were shorter wires with some particles (Fig. 3a) , while the sample synthesized with double water content (4 vol% water-assisted) exhibits a lot of short nanorods and particles (Fig. 3b) , indicating the aspect ratio of waterassisted Ag NWs and the uniformity are strongly affected by the water content. Furthermore, the adding occasion of water was also investigated. As the Ag NWs formation process could be considered as two steps: the rst step is the nucleation stage with AgCl as the nucleating agent and the second step is the growth stage with AgNO 3 as the reactive material. Instead of adding water in the nucleation stage, when we added 2 vol% water along with AgNO 3 , the products exhibit low aspect ratio rods with many particles, as shown in Fig. 3c . The result conrms that the water effect is mainly in the nucleation stage.
There are few reports about the using of trace water in Ag NWs synthesis. Jia concluded that Ag from AgCl did contribute somewhat in the heterogeneous nucleation and multiplied twinned particles(MTPs) formation stage, this can be accelerated by adding water at 160 C. 46 Yang et al. supposed that as a typical ionic compound and an excellent thermal conductor, water (together with oxygen) plays a subtle role in effectively improving the charge transfer process involved in the growth of Ag NWs; and promoting the homogenization during the reaction process, which is especially useful for the large scale production of high quality Ag NWs.
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It's reported that the yields and aspect ratios of silver nanowires were increased with increasing the molecular weight of PVP. 52 To study the water effect with different PVP, Ag NWs were prepared with lower molecular weight PVP (58 000) as shown in Fig. S2 , † indicating that the water effect is not so obvious in the use of PVP 58000. Furthermore, no core-shell structure was observed in the Ag NWs fabricated with PVP 58 000, while excess PVP 1 300 000 was oen prone to cover on the nanoparticles and present core-shell structures, as shown in Fig. S3 . †
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The possible reasons for the positive role of water with PVP were discussed as follows. It's because that higher molecular weight PVP leads to more viscous solution, which is hindering for reducing the free energy of Ag (100) via surface adsorption.
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There is a strong interaction between water and PVP, which may hinder the interactions between the reacting species and the excess PVP 1 300 000, inducing the enhanced Ag NWs aspect ratio. The problem of low solubility usually exists on the reduction of metal cations in non-aqueous solvents, especially with long chain-length polymers. 46, 47 Due to the long chain length, the EG solution containing PVP with a high molecular weight of 1 300 000 would possess a high viscosity. According to the Stokes-Einstein equation, a high viscosity (h) solvent will result in a small diffusion coefficient (D) for a spherical particle with a radius (r), as indicated by the following equation:
(1)
In which k B is the Boltzmann constant and T is the absolute temperature. As a result, the probability for the Ag clusters to collide with each other will be reduced with PVP of high molecular, leading to shorter nanowires and nanorods. On the other hand, PVP with a higher molecular weight contributes to more uniform Ag NWs in higher purity. 18 Fortunately, nucleation and growth of metal nanoclusters in solution are more greatly inuenced by the polarity of the solvent than the viscosity. 55 The transfer of electrons between the reacting species tends to be easier in polar solvents than the nonpolar ones. 47 The presence of a proper amount of water probably promotes the proton hopping on the surface of the materials, which can facilitate the charge transfer process. 56 The improved polarity accelerates the reaction speed and enhances the Ostwald ripening process, which result in effective production of long aspect ratio Ag NWs with fewer nanoparticles. The accelerator effect of water could be proved by the SEM images ( Fig  S4 †) of polyol reaction for 5 minutes. With the addition of water, the quantity of large particles decreased dramatically and numerous small nanoparticles (NPs) appeared. The reason is that the heterogeneous nucleation rates of Ag NWs were accelerated with water introduced.
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However, if there was too much water remained during the AgNO 3 adding stage, it would continually evaporate and bubble along with the Ag + reduction, causing uctuations in the growth of MTPs, leading to more short nanorods and NPs. As mentioned above, 2 vol% water was enough to accelerate the nucleation and Ostwald ripening of Ag species, enhancing the aspect ratio and yield of Ag NWs. Much more water would have a negative impact. Excess water may degrade Ag NWs aspect ratio during the Ag NWs growth stage before it is vaporized to air. Therefore, we draw a conclusion that a moderate amount of water should be added in the step of AgCl addition in a typical trace water-assisted polyol process. Transparent electrode is one of the critical components for transparent optoelectronic devices, especially in semitransparent solar cells for building integrated photovoltaic applications.
57,58 Solution-processed Ag NWs networks show excellent transparency, electrical conductivity, and mechanical exibility, which have been extensively investigated as exible and low-cost electrodes to replace traditional ITO electrode. To exam the opto-electronic performances of our Ag NWs TCE, inverted semi-transparent organic solar cells with slot-die coated Ag NWs networks as the top electrode was tested. With respect to Ag NWs electrode for OSCs, most of Ag NWs networks were used as bottom electrode and organic layers were deposited on top of it.
12,59 Only a few papers reported Ag NWs as top electrode in OSCs. 49, 57 For organic solar cells, solutionprocessed poly(3,4-ethylene dioxythiophene): poly(styrene sulfonate) (PEDOT:PSS) is the most well-known anode buffer layer owing to its suitable work function (WF), good charge transport ability, and excellent visible light transparency. 60 However, physical and chemical interactions between the conductive ink and the organic layer may affect the wettability, which would lead to poor quality of lm formation during coating.
The layer structure of our OSCs with different Ag NWs top electrodes was shown in Fig. 4a and the J-V curves was shown in Fig. 4b . While the open-circuit voltage (V OC ) remained unchanged, both short-circuit current density (J SC ) and ll factor(FF) increased signicantly by the changing of top Ag NWs electrode, then the power conversion efficiencies (PCE) increased from 0.98% to 1.30% (see Table 1 ), which is comparable to the previous report. 61 This could be partially attributed to the decrease of sheet resistance of water-assisted Ag NWs lm (R s ¼ 8. Table S1 . † Haze is another important parameter for TCE in addition to transparency and sheet resistance. Low-haze TCE made by Ag NWs with a high aspect ratio ($900) was always used in OLED, 24 while high haze TCE was always used in OSC. 62 The lower haze of water-assisted Ag NWs may due to fewer nanoparticles in the Ag NWs sample. It's also reported that electrochemical etching could precisely tailor the diameter of nanowires with high transmittance and high haze, which is a promising approach to increase haze of Ag NWs based TCE in OSCs. 
Conclusions
In summary, we have demonstrated a facile and eco-friendly water-assisted polyol synthetic route for Ag NWs. Trace water not only facilitated the nucleation of Ag nanoclusters but also blocked the interactions between the reacting species and the surplus of polymer chain of PVP with high molecular weight, resulting in a high aspect ratio over 1600 of Ag NWs. Based on the Ag NWs, the exible TCE was fabricated using a slot-die coat process and served as the top electrode in semitransparent OSCs. With the excellent opto-electrical lm properties (8.1 U sq À1 , with 81.9% transmittance at 550 nm),
water-assisted Ag NWs TCE performed better in OSCs device, suggesting an unique eco-friendly preparation technology for high aspect ratio metal nanowires.
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